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particularly the synapse. This transcriptional signature overlaps with
synaptic pathways known to be affected by the loss of CAPN1, with
loss-of-function variants in the encoding gene causing SPG76 and
forms of cerebellar ataxia16,32,36.

In conclusion, we establish loss or structural disturbances of
CD99L2 due to hemizygous CD99L2 loss-of-function variants as an
additional factor in the CAPN1-linked pathway that manifests with
neurological phenotypes. As dysregulated calpain function has been
associated with common neurodegenerative disorders43,44, a better
understanding of calpain biology might also inform attempts to
modulate calpain activity for treatment of, e.g. Alzheimer’s and Par-
kinson’s disease, where these proteases cause disease protein frag-
mentation and show pathology-related activation disturbances17,18.

Methods
Cohorts
Patients with a clinical diagnosis of a rare MD who had received diag-
nostic testing between 10/2016 and06/2022 at the Institute ofMedical
Genetics and Applied Genomics Tübingen were eligible for the study.

Only patientswithout a prior genetic diagnosiswere investigatedby ES
and/or GS, with about 12% of probands having previously received
gene panel testing at the Institute. Selection and assignment to sub-
groups was done according to the documented HPO terms (for details
see Supplementary Table 1). The majority of cases studied by exome
sequencing (ES) and/or genome sequencing (GS) were investigated
under a multidisciplinary diagnostic care concept based on clinical
expertise at university hospital centres for rarediseases24. Visualisation
of phenotype space was done using uniform manifold approximation
and projection (UMAP, Fig. 1a; for methods details see Supplementary
information). Following identification of the novel disease gene,
additional index cases were detected during routine diagnostics,
extended search of in-house research datasets, and the RD-Connect
Genome-Phenome Analysis Platform (GPAP)10.

Oversight
All procedures involving human subjects were approved by the ethics
committee of the Medical Faculty of the University of Tübingen, Ger-
many (Genome+, ClinicalTrial.gov #NCT04315727; 066/2021BO2 for
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Fig. 7 | CD99L2 ubiquitination modulates CAPN1 binding and calpain activa-
tion. a Immunofluorescence microscopy of wild-type (WT) and lysine-free (K0)
myc-His6-CD99L2 and CAPN1 in 293T cells. CD99L2 (green) was detected via its
myc tag, and CAPN1 (red) with a specific antibody. Nuclei (blue) were counter-
stained with DAPI. Scale bar, 10 µm. b Western blot of myc-TRAP-based immuno-
precipitation (IP) of WT and K0 myc-His6-CD99L2 from 293T cells. Total protein
was visualised with SYPRO Ruby. Co-immunoprecipitated CAPN1, CAPN2 and CSS1
were analysed. β-actin served as loading control. Grey arrowheads indicate ubi-
quitinated full-length (flUb) CD99L2, white arrowheads full-length proteins and
black arrowheads their cleaved forms. flWT, full-length CD99L2WT; flK0, full-length
CD99L2K0. c Western blot of CD99L2, CAPN1, α-spectrin, CAST and CSS1 in
293T cells expressing WT or K0 myc-His6-CD99L2, or transfected with empty

vector. β-actin served as loading control. Light-purple arrowheads indicate flUb-
CD99L2, light-blue arrowheads cleaved N-terminal ubiquitinated forms (nbdpUb),
purple-rimmed arrowheadsWT and K0 full-length CD99L2 (flWT and flK0), and blue
arrowheads the N-terminal CD99L2 breakdown product (nbdp). White arrowheads
indicate full-length proteins; black arrowheads indicate their cleaved forms.
d Quantification of total CAPN1, full-length CAST, α-spectrin and CSS1, as well as
calpain-cleaved α-spectrin (SBDP) and CSS1 (CSS1bdp) in 293T cells expressing WT
or K0 myc-His6-CD99L2, or transfected with empty vector. n = 7 (empty vector:
CAPN1, CAST, CSS1 and CSS1bdp; WTCD99L2: CAST; K0 CD99L2: CAST) or n = 8 (all
other conditions) biologically independent experiments. Bars represent mean ±
s.e.m. Two-tailed one-sample t-test. P values are shown in the graphs. Source data
are provided as a Source Data file.
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Fig. 8 | CD99L2 truncation leads to aberrant cellular distribution, compro-
mised calpain activation and reduced CAPN1 binding. a Schematic of full-length
(fl)- and truncated CD99L2 constructs, including N-terminal (CD99L21–185) or
C-terminal (CD99L2207–262) variants. SP signal peptide, ECD extracellular domain,
TMD transmembrane domain, CPD cytoplasmic domain, tag myc-His6 tag.
b Immunofluorescence microscopy of fl- and truncated myc-His6-CD99L2 together
with CAPN1 in 293T cells. CD99L2 (red) was detected via its myc tag, and CAPN1
(green) using a specific antibody. Nuclei (blue) were counterstained with DAPI.
Bottom row shows 5x magnifications of the white-boxed regions above. Scale bar,
5 µm. c, d Western blot of CD99L2 (c), and CAPN1, α-spectrin and CAST (d) in
293T cells expressing fl- or truncated myc-His6-CD99L2. β-actin served as loading
control. Light-purple arrowheads indicate ubiquitinated full-length (flUb) CD99L2,
light-blue arrowheads cleaved N-terminal ubiquitinated forms (nbdpUb), purple-
rimmed arrowheads fl-CD99L2 or CD99L21–185, the red-rimmed arrowhead
CD99L2207–262, and the blue arrowhead the calpain-cleaved N-terminal CD99L2
breakdown product (nbdp). White arrowheads indicate full-length CAPN1 or α-
spectrin; black arrowheads their cleaved forms. e Quantification of cleaved CAPN1,
calpain-cleaved α-spectrin (SBDP), and CAST. n= 3 biologically independent

experiments. One-way ANOVA with Tukey’s post hoc test. f, gWestern blot of myc-
TRAP-based co-immunoprecipitation (IP: myc) of fl- or truncated myc-His6-CD99L2
and CAPN1 in 293T cells. Total protein was visualised using SYPRO Ruby. CD99L2
was detected via its myc tag. β-actin served as loading control. Grey arrowheads
indicate flUb-CD99L2, and white arrowheads fl- or truncated CD99L2. h–j Western
blot and quantification of fl- and truncated myc-His6-CD99L2 in 293T cells treated
with MG132 or bafilomycin A1 (BafA1). CD99L2 was detected via its myc tag. GAPDH
served as loading control. Black arrowhead indicates the N-terminal CD99L2
breakdown product (nbdp). n= 5 (fl-CD99L2) or n= 6 (CD99L21–185, CD99L2207–262)
biologically independent experiments. Two-tailed one-sample t- or Student’s t-tests.
kModel of CD99L2-CAPN1 interaction and CD99L2 proteostatic regulation. Inactive
CAPN1 binds to unmodified fl-CD99L2 and becomes activated. Active CAPN1 cleaves
CD99L2, removing its C-terminus, thereby limiting further CAPN1 activation. Ubi-
quitin ligases (E3) and deubiquitinases (DUB) balance ubiquitinated and unmodified
CD99L2, ensuring protein degradation via the ubiquitin-proteasome system (UPS),
or, to a lesser extent, autophagy, thus preventing excessive calpain activation. CP
cytoplasm, EC extracellular space. Bars represent mean ± s.e.m. P values are shown
in the graphs; ns not significant. Source data are provided as a Source Data file.
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retrospective data analysis; 437/2018BO1 for Solve-RD and secondary
use, ClinicalTrial.gov #NCT03491280; Biobank 199/2011 BO1, 423/
2019BO1 for cell studies, Treat-HSP, ClinicalTrial.gov #NCT03981276).
All probands or their legal representatives provided written informed
consent for genetic testing. Consent forpublicationwas obtained from
all individualswhosedetailed clinical datawerepresented. Participants
did not receive compensation for their participation in the study. The

authors vouch for the accuracy and completeness of the data in this
report.

Visualisation of phenotypic space
As a first step, phenotypic characteristics annotated for known disease
genes were downloaded from the HPO website (hp.obo data-version:
hp/releases/2023-10-09 file: genes_to_phenotype.txt, downloaded on
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16.11.2023). The data were merged with the annotations of individuals
with ES or GS of the different subgroups (ataxia, dystonia, spasticity
and the respective overlap groups) by treating each disease-ID as one
individual. Subsequently, the similarities of the HPO terms between all
pairs of individuals were calculated using the R package ontologySi-
milarity (version 2.5). The similarities were then converted into a dis-
tance matrix and projected to a four-dimensional space by uniform
manifold approximation and projection (UMAP). Then, the first two
dimensions of this projection were plotted using ggplot2 (https://
github.com/GermanDemidov/phenotypes_plot).

Details on genetic studies
Conventional repeat expansion testing using FA. Pseudonymized
metadata from FA were retrieved from the local clinical information
system (GenLab, Projodis) based on the documented respective
analyses. These included diagnostically validated testing for the tri-
nucleotide repeat expansion disorders spinocerebellar ataxia 1 (SCA1,
ATXN1), spinocerebellar ataxia 2 (SCA2, ATXN2), Machado-Joseph
disease (MJD/SCA3, ATXN3), spinocerebellar ataxia 6 (SCA6, CAC-
NA1A), spinocerebellar ataxia 7 (SCA7, ATXN7), spinocerebellar ataxia
8 (SCA8, ATXN8, ATXN8OS), spinocerebellar ataxia 10 (SCA10,
ATXN10), spinocerebellar ataxia 12 (SCA12, PPP2R2B), spinocerebellar
ataxia 17 (SCA17, TBP), dentatorubral-pallidoluysian atrophy (DRPLA,
ATN1), fragile X tremor/ataxia syndrome (FXTAS, FMR1) and Frie-
dreich ataxia (FRDA, FXN). For the determination of the respective
repeat length using fragment length analyses, the section of the
respective gene (ATN1, ATXN1, ATXN2, ATXN3, CACNA1A, ATXN7, TBP,
ATXN8T/ATX8OS, ATXN10, PPP2R2B and FXN) was amplified in a
fluorescence-labelled PCR. The length of the respective fragments
was determined by capillary electrophoresis (CEQ8000, Beckman
Coulter) against an internal size standard (Size Standard 450 or 600,
Beckman Coulter). For annotation of the respective alleles, the Gen-
omeLab™ Genetic Analysis System software from Beckman Coulter.
Singular signals are interpreted as homozygous genotypes. A het-
erozygous genomic deletion, which would mimic a homozygous
presence, as well as an ‘allelic drop-out’ due to a very rare SNP among
the primer binding sites, cannot be excluded with this method. The
allele size is determined with an accuracy of ±1 repeat. For ATXN8T/
ATX8OS, ATXN10 and FXN fragment length analysis included also
repeat primed PCR reactions. For amplification of the CGG repeat in
FMR1 the Asuragen AmplideX® PCR/CE FMR1 Kit was used, followed
by capillary electrophoresis on the ABI Genetic Analyzer 3730xl with
the ROX 1000 Size Ladder (Asuragen) and evaluation of the data in
GeneMapper Software.

Exome and genome analyses. Exome and genome sequencing, as
well as subsequent bioinformatic analysis were performed as descri-
bed previously25,45.

For ES, exonic and adjacent intronic regions were enriched from
3 µg genomic DNA using SureSelectXT Human All Exon v6 or v7 kits
(Agilent Technologies, Santa Clara, California). Sequencing as 2 × 100

bp paired-end reads was performed on a HiSeq 2500 or NovaSeq
6000 system (Illumina, San Diego, California). Mean coverage of the
target region was 132.81X.

For GS, 1 µg of genomic DNA was further processed using the
TruSeq PCR-Free Library Prep kit (Illumina, San Diego, CA, USA) and
the generated libraries were sequenced on a NovaSeq6000 system as
2 × 150 bp paired-end reads to an average 44.82X coverage. Deletions
detected by exome sequencing in three individuals of family 2, 9 and
10 were subsequently confirmed by shallow GS with an average cov-
erage of 5.27, 9.58 and 6.44 reads, respectively.

Mapping, variant calling and annotation of the data were per-
formed using the megSAP pipeline (https://github.com/imgag/
megSAP) developed at the Institute of Medical Genetics and Applied
Genomics, University Hospital Tübingen, Germany. Details about the
used tools and databases can be found in the megSAP documentation
and have been published previously25.

Clinical variant interpretation was conducted independently by
two trained diagnostic molecular geneticists according to an in-house
standard operating procedure. Variant classification was done
according to the guidelines of the American College of Medical
Genetics and Genomics (ACMG)46,47. For recessive disorders, the
combination of a likely pathogenic or pathogenic variant with a ‘hot
VUS’ on the other allele was considered a significant finding.

Sanger sequencing. Segregation analyses and carrier testing in
CD99L2 families was by Sanger Sequencing. PCR primers were
designed using the UCSC ExonPrimer-Primer Design Programme. Pri-
mer sequences and PCR conditions are provided below.

Primer
(exon)

Forward
sequence

Reverse
sequence

Position (hg38)

CD99L2-Ex1 GCCTTA
CCTCGCT
GGACC

CAACCC
AACCCAG
GCCTC

chrX:150898515
+ 150898911

CD99L2-Ex6 GGCAAG
GATCCC
ATGGGG

TGCCTG
TGAGAAG
CCAGC

chrX:150794789-
150795387

CD99L2-
Ex7a

TGGGCA
ACAT
TAGCA
CAAGT

GCATAATCA
CCTTTTT
CACCAGA

chrX:150793633-
150793832

CD99L2-
Ex7b

TTTCT
CCAGG
TTTTTCAG
ACAAGG

CAACTG
GCAGGC
TGGGAT

chrX:150793566-
150793765

CD99L2-Ex9 CGTGCTT
TGCAAA
CCCCC

CCCTTC
TTCACG
CAGGCA

chrX:150775715
+ 150776308

Fig. 9 | CD99L2 variants cause transcriptional disturbances in genes associated
with neuronal function and the synapse. a Transcriptomic analysis of fibroblasts
derived from matched healthy controls and CD99L2 patients carrying protein-
truncating variants, splice-site variants or deletions. Volcano plot displays −log10P
values versus expression log2 fold changes (log2FC) relative to controls. A total of
515 significant differentially expressed genes (DEGs) (P ≤0.05; dotted horizontal
line; log2FC ≤−0.5, log2FC ≥0.5) are shown in colour (blue, downregulated; red,
upregulated). CD99L2 is highlighted in light blue. The top five DEGs related to
neuronal function are additionally marked. b, c Functional enrichment analysis of
DEGs from patient fibroblasts (protein-truncating variants, splice-site changes or
deletions) compared to matched healthy controls using the STRING database
(string-db.org). The top ten enriched biological processes (b) and cellular com-
partments (c) are shown as bubble plots. Signal values [defined as a weighted

harmonic mean of the observed/expected ratio and −log10(FDR)], FDRs (bubble
colour), and number of DEGs (bubble size) are indicated. d Heat map of synapse-
related DEGs (gene ontology term) showing row-wise calculated z-scores, log2FC
and −log10P values for patient fibroblasts [protein-truncating variants (PTV), and
splice-site changes or deletions (combined as “other”)] versus matched healthy
controls (ctrl). e STRING network of synapse-related DEGs in patients compared to
matched healthy controls. Only DEGs with at least one interaction are shown. Light
blue lines, curated database interactions; pink lines, experimentally determined
interactions; orange lines, co-expression; green lines, text mining; lilac lines, pro-
tein homology. Network visualisations were obtained and adapted from STRING
(string-db.org). Differential gene expression and statistical significance was calcu-
lated using EdgeR (see Supplementary Information for details). Source data are
provided as a Source Data file.
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PCR conditions: 12.8 µl H2O, 2.5 µl 10x PCR buffer +MgCl2, 0.5 µl
dNTP mix, 2.0 µl betaine (5M), 2.0 µl Q-Solution (Qiagen), 0.2 µl Taq
Polymerase (Thermo Fisher Scientific), 150ng DNA sample, 1.0 µl each
of 10 µM forward and reverse primer. PCR cycles: one cycle of 95 °C for
5min, 10 cycles with 94 °C for 30 s, 65 °C (−1 °C per cycle) for 30 s, and
72 °C for 30 s, followed by 30 cycles with 94 °C for 30 s, 55 °C for 30 s,
and 72 °C for 30 s, followed by 72 °C for 7min and cooling to 10 °C.

RNA sequencing and transcriptome analyses. RNA was extracted
from PAXgene tubes (14 patients and 54 male controls) and patients’
(n = 8) and male control (n = 6) fibroblasts using the QIAsymphony
RNA kits on a QIAsymphony SP with the protocol RNA CT 400 V7. To
reduce preanalytical artefacts, cell lines were cultured and harvested
according to an in-house standard operating procedure (also see
section cell culture below). RNA quality was assessed with the Agilent
2100 Fragment Analyzer total RNA kit (Agilent Technologies, Inc.,
Santa Clara, United States). From 100ng of total RNA, mRNAs were
enriched using polyA capture on a NEBNext Poly(A) mRNA Magnetic
Isolation Module (NEB). Libraries were prepared with Next Ultra II
Directional RNA Library Prep Kits for Illumina (NEB) on a Biomek i7
(Beckman Sequencing). 215 pM cDNA libraries were sequenced on an
Illumina NovaSeq6000 system as 2 × 100bp paired-end reads with ~50
million clusters per sample.

Bioinformatic processing and data interpretation were essentially
done as previously described25. Generated RNA sequences were ana-
lysed with respect to aberrant expression, aberrant splicing and allelic
imbalanceusing themegSAPpipeline (version 2022_08, https://github.
com/imgag/megSAP). In brief, the ngs-bits tool collection (version
2022_08-92, https://github.com/imgag/ngs-bits) was used for quality
control (ReadQC) and pre-processing (SeqPurge) of fastq files. STAR
(version 2.7.10a, https://www.ncbi.nlm.nih.gov/pubmed/23104886,
https://github.com/alexdobin/STAR/) was used for read alignment and
detection of splice junctions, which were postprocessed with Spli-
cingToBed. After mapping, MappingQC was used for quality control
and Subread (version 2.0.3, https://pubmed.ncbi.nlm.nih.gov/
30783653/, https://sourceforge.net/projects/subread/) for read
counting based on an Ensembl gene annotation file (GRCh38, release
107, http://www.ensembl.org/index.html). Upon normalisation (meg-
SAP) and quality assessment (RnaQC), expression values of genes and
exons were compared with an in-house cohort (same tissue and pro-
cessing system) using NGSDAnnotateRNA. For differential gene
expression analysis, gene names were annotated and expression
values (TPM,CPM,FPKM)filtered andnormalisedusing EdgeR. Sample
correlation is computed in order to detect outliers. Then, differential
gene expression and statistical significance are calculated using EdgeR
(https://www.rdocumentation.org/packages/edgeR/versions/3.14.0/
topics/glmQLFit, https://rdrr.io/bioc/edgeR/man/glmQLFTest.html).
Gene network and functional enrichment analysis of significantly dif-
ferentially expressed genes (P ≤0.05; dotted horizontal line; log2FC
≤−0.5, log2FC ≥0.5) were performed using the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) database35. Data
obtained from STRING-based analysis was graphically visualised by
bubble plots that were generated using the ggplot2 package in R
4.2.248,49. Full script can be provided upon request.

Predictors of diagnostic yield. About 1690 cases with ES and sig-
nificant (n = 394) or non-significant findings (n = 1296) were analysed
by using the least absolute shrinkage and selection operator (LASSO).
Patients with uncertain candidate variants or genes were excluded
from the analysis. The dataset was randomly divided into a training set
incorporating 1368 cases (1053 unsolved, 315 solved) and a test set
incorporating 322 cases (243 unsolved and 79 solved). The binary
response of a case being solved or not solved was regressed on
17 subcategories of clinical features and controlling for gender (HPO
mean, HPO count, ataxia, spasticity, dystonia, ataxia/dystonia, ataxia/

spasticity, dystonia/spasticity, ataxia/dystonia/spasticity, gender,
0–5 y, 5–20 y, 20–30 y, 30–40 y, 40–50 y, 50−60 y and 60–100 y). The
HPO mean was calculated as the mean value of relative heights
(derived from the relative position of HPO terms in the respective
branch of the HPO tree) of all HPO terms assigned to one patient.

The model was fitted on the training data, and the penalty para-
meter was tuned via tenfold cross-validation. The resulting model was
then applied to the independent test set and validated its predictive
performance using the receiver operator characteristics (ROC) curve
[AUC ROC 0.7 (0.64–0.761)]. We then refitted the model on the whole
cohort of 1690 cases and validated the resulting model on an inde-
pendent genome cohort of 261 cases (69 solved and 192 unsolved)
[AUC ROC 0.609 (0.532–0.687)].

Gene-burden analyses
Data preparation. MD individuals and controlswere selected based on
phenotypic criteria and diagnostic-grade quality (https://github.com/
imgag/ngs-bits/blob/master/doc/GSvar/sample_quality_control.md)
of sequencing datasets. Datasets from relatives and duplicate experi-
mentswere excluded fromboth groups. Variant calling and annotation
were conducted uniformly using the megSAP pipeline as described
above. High-impact variants included PTVs and canonical splice-site
alternations, as well as homozygous exon deletions. Predicted dele-
terious variantsweredefined asmissense variants having aCADDscore
≥20. As different kits were used for enrichment, we restricted the
analysis to genomic regions that were well represented across assays.
We did not preselect for European ancestry.

Gene-wise burden analysis. The curated dataset comprised 2287MD
cases and 10,845 controls. To account for clinical heterogeneity
among cases sharing the same genetic aetiology as observed with
established MD entities, we merged the different MD subgroups into
one with the aim of boosting power to identify statistical genetic
associations. Association analyses were carried out for each gene
separately, with pre-filtering of included variants adapted to represent
recessive or dominant models of inheritance as well as different effect
sizes of detected variation. Under a dominant model, variants with a
likely minor allele frequency (MAF) <0.1 were included, with high-
impact (PTVs and canonical splice sites) variants in the stringent and
high-impact plus predicted deleterious (CADD score >20) variants in
the relaxed analysis. Under a recessive model, only homozygous or
hemizygous calls were included, predicting variants with a likely MAF
<1%, again with high impact of combined effects for the stringent or
relaxed analyses, respectively. In a fifth approach, we added high-
quality CNVs for samples with a reference cohort correlation ≥0.9 for
ES and ≥0.55 forGS, that were calledwith a log-likelihoodof 15 ormore
and a copy-number status = 0. Alterations in CNV polymorphism
regions or a putative MAF >1% as estimated from overlapping in-house
deletions were excluded. To reduce the noise of false-positive prior-
itisation due to technical artefacts, CNVs were only considered as
additional evidence for genes that were concomitantly impacted by
small variants in at least two cases. Finally, case-control gene-wise
burden analysis was performed on 2287 selected diagnostic cases and
10,845 controls using Fisher’s exact test. To adjust formultiple testing,
the P value was adjusted according to Bonferroni (αcorr = 1 – (1 – α)1/
n ≈α/n were α is the desired overall alpha level and n is the number of
hypotheses). When correcting for 10,165 genes affected by variants in
the MD cohort, a P value <4.9 × 10−6 was considered as genome-wide
significant. All P values were two-sided.

Functional analyses methods
Expression constructs and siRNAs. For overexpression of human
CD99L2 (canonical isoform 1, 262 aa; UniProt identifier: Q8TCZ2-1), its
lysine-free variant (CD99L2 K0) in which all 14 lysine residues were
mutated to arginine or its truncated forms spanning from amino acids
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1–185 or 207–262, pcDNA3.1 vectors carrying cDNA for C-terminally
myc-His6-tagged forms of the proteins were generated (BioCat, Hei-
delberg, Germany). A C-terminallymyc-DDK-taggedCD99L2 construct
carried by a pCMV6-Entry vector was additionally purchased
(RC207079, OriGene). Ataxin-3 overexpression was performed using
pcDNA3.1 vectors harbouring C-terminally V5-tagged constructs with
15 or 77 glutamines50. Overexpression of calpastatin (CAST) was
achieved using a pRK5 vector carrying the cDNA for full-length human
CAST51. FLAG-tagged ubiquitin was overexpressed using a pcDNA3.1
vector. Empty pcDNA3.1 and pRK5 vectors were used for control
transfections.

For marking the endoplasmic reticulum in fluorescence micro-
scopy analysis, a psDsRed-ER vector (632409, Takara Bio Inc.)
was used.

Gene knockdownwas achieved using endoribonuclease-prepared
siRNAs (esiRNAs) directed against human CAPN1 (EHU032581) and
CAPN2 (EHU025391), with esiRNA against Renilla luciferase (MISSION®
esiRNA EHURLUC) (all MISSION® esiRNAs, Merck) as control.

Cell culture
After receiving written informed consent from the probands, fibro-
blast cell lines were established from skin punches according to rou-
tine procedures. HEK 293T (293T) cells (ATCC: CRL-11268), SH-SY5Y
cells (ATCC: CRL-2266) and primary fibroblasts derived from patients
and healthy control subjects were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), high glucose, GlutaMAX (10566016) sup-
plemented with 10% (v/v) foetal bovine serum (FBS), 1% (v/v) non-
essential amino acids (MEMNEAA) and 1% (v/v) Antibiotic-Antimycotic
(A/A) (all Gibco®, Thermo Fisher Scientific) using 75 cm2 cell culture
flasks (REF 658175, Cellstar®, Greiner Bio-One) in 5% CO2 and at 37 °C.
For RNA extraction, fibroblasts were harvested from a 145/20mm cell
culture dish (REF 639160, Cellstar®, Greiner Bio-One) at 80% con-
fluence. For protein extraction, fibroblasts were cultured in 100/
20mm tissue culture dishes (REF 353003, Falcon®, Corning Inc.). In
experiments using 293T and SH-SY5Y cells, 6-well tissue culture plates
(REF 353046, Falcon®, Corning Inc.) or 100/20mm tissue culture
dishes were employed.

Cell treatments. Transfections of 293T and SH-SY5Y cells were con-
ducted for 72 h using Turbofectin 8.0 (Origene) for overexpression
vectors or with Attractene transfection reagent (Qiagen) for esiRNA-
based knockdown experiments according to the manufacturers’
protocols.

Cellular O-GlcNAc cycling was targeted by inhibiting the enzyme
O-GlcNAc transferase (OGT) with 10 µMOSMI-1 (Sigma-Aldrich) or the
O-GlcNAcase with 10 µM Thiamet-G (Sigma-Aldrich) for 24 h. Blockage
of proteasomal and autophagosomal pathways was conducted using
2.5 µM proteasome inhibitor MG132 (Merck) and 0.05 µM vacuolar-
type H+-ATPase inhibitor bafilomycin A1 (Enzo Life Science) for 24 h.
Dimethyl sulfoxide (DMSO) served as the vehicle control. Before
administration, all compounds were prediluted in Opti-MEM® I
Reduced Serum Media (Gibco®, Thermo Fisher Scientific).

Cell-based calpain activation assays were performed as previously
described34. Briefly, to activate endogenous calpains in transiently
transfected 293T cells, the cell medium was replaced by Opti-MEM® I
Reduced Serum Media containing 1.0 or 1.5 µM calcium ionophore
ionomycin (inDMSO) (407950,MerckMillipore) and 5mMCaCl2. Cells
were incubated under standard culture conditions for 1 h. For inhibitor
controls, cells were pre-treated with 20 µM calpain inhibitor III (CI III;
carbobenzoxy-valinyl-phenylalaninal; in DMSO) (Merck) starting 1 h
before ionomycin administration. DMSO served as the vehicle control.

Immunostaining and fluorescence microscopy
For immunocytochemistry staining, 293T cells were seeded on 8-well
or 12-well chamber slides (80841 or 81201, Ibidi), transfected with

respective constructs, and cultured for 72 h. Subsequently, cells were
pre-fixed by supplementing the medium with 0.4% (w/v) paraf-
ormaldehyde (PFA) and incubating at 37 °C for 10min. Then, medium
was aspirated, cells were washed once with 1× DPBS (Gibco®, Thermo
Fisher Scientific) and incubated in 4% (w/v) PFA in 1× DPBS for 15min.
Next, the fixative was removed, and cells werewashed three timeswith
1× DPBS for 5min. Afterwards, cells were incubated in blocking/per-
meabilisation buffer (10% (w/v) BSA, 0.5% (v/v) Triton X-100, 0.02% (w/
v) NaN3 in 1× DPBS) at room temperature for 1 h. Cells were probed
with mouse anti-myc-tag antibody (1:500; clone 9B11, #2276, Cell Sig-
nalling Technology) and rabbit anti-CAPN1 antibody (1:200; 10538-1-
AP, Proteintech) in antibody diluent (1% (w/v) BSA, 0.5% (v/v) Triton X-
100, 0.02% (w/v) NaN3 in 1×DPBS) at 4 °C overnight. The next day, cells
were washed four times with 1× DPBS and incubated with goat anti-
mouse Alexa Fluor 488 (1:500; A32723, Thermo Fisher Scientific), goat
anti-mouse Alexa Fluor 594 (1:500, A32742, Thermo Fisher Scientific)
and goat anti-rabbit Alexa Fluor 488 (1:500, A27034, Thermo Fisher
Scientific) secondary antibody at room temperature for 1 h. After
washing four times with 1× DPBS for 5min, the media chamber was
removed, cells mounted with VECTASHIELD® Antifade Mounting
Medium with DAPI (H-1200, Vector Laboratories) using coverslips and
sealed with a transparent nail polish.

Fluorescent images were taken at 200× and 630× magnifications
on an Axioplan 2 imaging microscope equipped with an ApoTome,
Plan-Neofluar 20×/0.50 objective, Plan-Neofluar 40×/0.75 and Plan-
Neofluar 63×/1.4 Oil objectives, and an AxioCam MRm camera, using
the AxioVision 4.3 imaging software (all Zeiss).

Protein extraction
Extraction of proteins was performed as follows. 293T cells were dis-
sociated by gentle pipetting and transferred to 2mL tubes. Cell pellets
were obtained by centrifugation at 500×g for 5min, followed by
aspiration of the supernatant. Pellets were washed once with cold 1×
DPBS. SH-SY5Y cells and fibroblasts obtained from healthy control
subjects and patients were harvested by scraping cells in 1× DPBS and
subsequent pelleting at 500×g for 5min, followed by aspiration of the
supernatant. Cell lysis was conducted by resuspending the pellet in
RIPA buffer (50mMTris, pH 7.5, 150mMNaCl, 10% glycerol, 0.1% (w/v)
SDS, 0.5% sodium deoxycholate and 1% (v/v) Triton X-100) containing
cOmplete™ protease inhibitor cocktail and PhosSTOP™ phosphatase
inhibitors (both Roche), and incubated on ice for 15min (293T and SH-
SY5Y cells) or 30min (fibroblasts). Afterwards, samples were cen-
trifuged for 15min (293T and SH-SY5Y cells) or 30min (fibroblasts) at
4 °C and 20,000×g, and supernatants were transferred to a fresh, pre-
cooled reaction tube. Protein concentrations were measured spec-
trophotometrically in a microtiter plate using Bradford reagent (Bio-
Rad Laboratories). Samples were stored at 80 °C until further analysis.

Immunoprecipitation
FLAG- and myc-tagged proteins were immunoprecipitated using
DYKDDDDK Fab-Trap (ffa-20) and myc-Trap agarose (yta-20) (both
ChromoTek/Proteintech Germany, Planegg-Martinsried, Germany).
Ubiquitinated proteins were purified using Ubiquitin-Trap agarose
(uta-20, ChromoTek/Proteintech). All immunoprecipitation experi-
ments were performed according to the manufacturer’s protocol with
the following modifications: Transfected and/or treated 293T cells
were harvested by resuspension in culture medium (content of a 100/
20mm cell culture dish) and subsequent centrifugation for 5min at
4 °C and 500×g. Cell pellets were washed once with 1× DPBS and
centrifuged again. Afterwards, cell pellets were lysed in 150 µL Trap
lysis buffer (10mM Tris pH 7.5, 150mM NaCl, 0.5mM EDTA, 0.5%
IGEPAL CA−630) containing EDTA-free cOmplete protease inhibitor
cocktail and PhosSTOP phosphatase Inhibitor cocktail (Roche). After
measuring protein concentrations using Bradford reagent, lysate
concentrationswere adjustedwith Trap lysis buffer to 5 µg/µL and then
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further diluted in Trap dilution buffer (10mM Tris, pH 7.5, 150mM
NaCl, 0.5mM EDTA) containing EDTA-free cOmplete protease inhi-
bitor cocktail and PhosSTOP phosphatase Inhibitor cocktail to a final
concentration of 2 µg/µL. For immunoprecipitation, 500 µg total pro-
tein were incubated with 12.5 µL of agarose bead slurry, rotating end-
over-end at 4 °C for 1 h. Subsequently, beads were washed three times
with Trap wash buffer (10mM Tris/Cl, pH 7.5, 150mM NaCl, 0.5mM
EDTA and 0.05% IGEPAL CA-630) containing EDTA-free cOmplete
protease inhibitor cocktail and heat-denatured at 70 °C for 10min in
90 µL of 4× LDS sample buffer (1M Tris, pH 8.5, 50% (v/v) glycerol, 8%
(w/v) LDS, 2mM EDTA and 0.1% (w/v) Orange G) mixed with Trap
dilution buffer in a ratio 1:1 and supplementedwith 0.1Mdithiothreitol
(DTT). Samples were subsequently analysed by western blotting.

Calpain cleavage assays in vitro
In vitro calpain cleavage assays were performed as previously
described52. Briefly, 25 µg protein amount of 293T cell protein extracts
after lysis in calpain reaction buffer (CRB) (20mMHEPES/KOH, pH 7.6,
10mMKCl, 1.5mMMgCl2 and 1mMDTT). Reactions were prepared by
diluting protein extracts in CRB and incubating them with 2mM CaCl2
and 100 ng of purified calpain-1 (208712, Merck) in a total volume of
20 µL at room temperature. Reactions were terminated by addition of
4× LDS buffer (1M Tris, pH 8.5, 50% (v/v) glycerol, 8% (w/v) LDS, 2mM
EDTA and 0.1% (w/v) Orange G) in a ratio 3:1 with 0.1M DTT, and heat-
denaturing at 70 °C for 10min. All samples were further analysed via
western blotting.

Western blotting
For western blotting, desired amounts of diluted protein extracts were
mixed with 4× LDS sample buffer in a ratio of 3:1 supplemented with
0.1MDTT and heat-denatured for 10min at 70 °C. Afterwards, protein
samples were electrophoretically separated using Bis-Tris gels and
MOPS electrophoresis buffer (50mMMOPS, 50mM Tris, pH 7.7, 0.1%
(w/v) SDS and 1mM EDTA). Proteins were transferred on Amersham™
Protran™ Premium 0.2 µm nitrocellulose (Cytiva) using Bicine/Bis-Tris
transfer buffer (25mM Bicine, 25mM Bis-Tris, pH 7.2, 1mM EDTA and
15% (v/v) methanol) and a TE22 Transfer Tank (Hoefer) at 80V at
25 °C for 2 h.

After transfer, membranes were stained for total protein using
Ponceau S staining solution (0.1% (w/v) Ponceau S, 5% (v/v) acetic acid)
for 1min, or SYPRO™ Ruby Protein Blot Stain (Thermo Fisher)
according to the manufacturer’s protocols. Fluorescent SYPRO Ruby
signals were detected using the LI-COR ODYSSEY® FC system (LI-COR
Biosciences). If stained with Ponceau S, membranes were destained
briefly with 1× TBS (10mM Tris, pH 7.5, 150mM NaCl). Afterwards,
membranes were blocked for 45min in 5% (w/v) skim milk powder
(Sigma-Aldrich) diluted in 1× TBS at room temperature, and probed
overnight at 4 °Cwith primary antibodies diluted in 1× TBS-T (TBSwith
0.1% (v/v) Tween 20). All applied primary antibodies and their speci-
fications are listed in Supplementary Table 2. Thereafter, membranes
were washed with 1× TBS-T and incubated at room temperature for 1 h
with the respective secondary IRDye® antibodies, goat anti-mouse
680LT (P/N 926−68020), goat anti-mouse 800CW (P/N 926-32210),
goat anti-rabbit 680RD (P/N 926-68071) and goat anti-rabbit 800CW
(P/N 926-32211) (all 1:5,000; LI-COR Biosciences). After final washing
with 1× TBS-T, fluorescence signals were acquired using the LI-COR
ODYSSEY®FC and quantified with Image Studio 4.0 software (both LI-
COR Biosciences).

In silico calpain cleavage site prediction
Computational analyses of features within the sequence of CD99L2
were based on its canonical isoform 1 (UniProt identifier: Q8TCZ2-1).
For in silico calpain cleavage site prediction, Group-based Prediction
System—Calpain Cleavage Detector (GPS-CCD) (available at http://ccd.
biocuckoo.org/) or Labelling calpain substrate cleavage sites from

amino acid sequence using conditional random fields (LabCaS)
(available at http://www.csbio.sjtu.edu.cn/bioinf/LabCaS/) tools were
employed33,53. Likelihood scores for every amino acid position were
graphically visualised using GraphPad Prism 9.1.2 (GraphPad
Software).

Statistics and reproducibility
For qualitative analyses, all experiments were independently repeated
at least three times and yielded comparable results, ensuring validity
and reproducibility. Quantitative data obtained from functional ana-
lyses were statistically analysed using GraphPad Prism 9.1.2 (GraphPad
Software). Results are presented as individual data points with means
and s.e.m. Statistical outliers indicated by the Grubbs test (α = 0.05)
were excluded from the analysis. Two-tailed one-sample t-test, two-
tailed Student’s t-test or one-way ANOVA with Šídák’s or Tukey’s post
hoc analysis were applied. Significance was assumed with a P value
≤0.05. Exact P values are shown in graphs. For further details, see the
respective figure and figure legends, and the Source Data files.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The consented exome data from 259 cases and 178 in-house controls
generated in this study have been deposited in the EuropeanGenome-
Phenome Archive database under accession code EGAS00001003851.
The exome data used in this study for matchmaking have been
deposited in the European Genome-Phenome Archive database under
accession code EGAC00001001319 [https://ega-archive.org/datasets/
EGAD00001009769]. The exome data are available under restricted
access for data privacy reasons; access can be obtained upon approval
from the Solve-RD Data Access Committee (DAC) [https://solve-rd.eu/
results/solve-rd-data/]. This requires completing and signing the Solve-
RD Data Access Agreement (DAA) [https://solve-rd.eu/wp-content/
uploads/2025/02/Solve-RD_DAA_250211_final.docx] and submitting it
to the DAC office, as well as requesting access to the desired dataset
through an EGA account. The review of data access requests can take
up to 8 weeks. The DAA defines the conditions for accessing Solve-RD
data, including sequence and genotype data, other omics data, phe-
notypic information, and pedigree data. It contains a research pro-
posal, details about the applicant and any personnel who will access
the data. The agreement must be signed by both the applicant and an
authorised representative of their institution. The annex of the DAA
describes the availabledatasets, any restrictions onuseand the correct
way to acknowledge use of the dataset. The consented genome data
from 252 cases and eight in-house controls generated in this study
have been deposited in theGermanHumanGenome-PhenomeArchive
(GHGA) database under accession codes GHGAD30455110557096 and
GHGAD63728375628676. The genome data were available under
restricted access for data privacy reasons; access can be obtained by
the data access committee (DAC). Requests for access can be sent via
the GHGA portal [https://data.ghga.de/]. Access will be restricted to
requests from authenticated users and assessed by the DAC, the local
institutional review board, and the local data security office. The esti-
mated timescale for data access is 3 months. The RNA CD99L2
expression read count data generated in this study are provided in the
Source Data file. The RNA sequencing raw data are available under
restricted access for privacy reasons, access can be obtained by
researchers on request, subject to a confidentiality and data transfer
agreement. Requests for access can be sent via email to the corre-
sponding (tobias.haack@med.uni-tuebingen), with a 3-week time-
frame for response. Unless objected to by the probands, identified
clinically relevant variants were submitted to ClinVar [https://www.
ncbi.nlm.nih.gov/clinvar/submitters/506385/]. The processed HPO
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term data were available at the HPOGitHub repository [https://github.
com/obophenotype/human-phenotype-ontology/releases/download/
v2023-10-09/genes_to_phenotype.txt]. The metadata retrieved from
the local clinical information system included information on age, test,
disease group and diagnostic outcome and is provided in the paper
and the Source Data. All additional data required to support the find-
ings of this study are provided in the paper, the supplementary
information, and the Source Data. Additional information can be
provided upon request. Source data are provided with this paper.

Code availability
Standard codes and custom scripts were used in this study and will be
made available by the authors upon request. The NGS platform meg-
SAP and ngs-bits are available on GitHub (https://github.com/imgag/
megSAP and https://github.com/imgag/ngs-bits).
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